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  18 
Abstract 19 
Rainfall and its variability drive the rural economies across the Sudano-Sahelian zone of northern 20 
Nigeria, where drought strategies largely determine crop yields. The increasing scarcity of rain 21 
gauges in West Africa generally limits assessments of the degree and spatial extent of hardship 22 
arising from rainfall deficiency. However, the improved availability and robustness of satellite-23 
based rainfall products since the early 1980s, offers an alternative source of rainfall data which is 24 
spatially, and often temporally, more complete than rain gauges. This research evaluates four 25 
satellite-based rainfall products for their ability to represent both long term rainfall trends such as 26 
recovery from decadal droughts, and trends in seasonal rainfall variables relevant to crop yield 27 
prediction. The Climate Hazards group Infrared Precipitation with Stations (CHIRPS) rainfall 28 
product at 5 km resolution, was observed to be consistently most representative of ground station 29 
rainfall across northern Nigeria over a 35-year period 1981 to 2015, followed by TARCAT. 30 
CHIRPS was found to give a good overall prediction of rainfall amounts at dekadal, monthly and 31 
seasonal time scales, and was therefore used in the study to represent the typical performance of 32 
satellite rainfall datasets. The CHIRPS-observed increase in growing season length since the 1970s 33 
and 80s drought decades, was accompanied by significant rainfall increases in the later part of the 34 
growing season, especially marked in northern and northeastern states. This is especially important 35 
for the main subsistence crops sorghum and millet as the risk of late drought impedes swelling of 36 
the grain, affecting dry weight production. The CHIRPS data also indicate a significant decrease 37 
in dry spells in the northwest and southern parts of the study area, which would have favourable 38 
outcomes for crop production in the densely populated rural hinterlands of the cities of Sokoto, 39 
Jos and Abuja. In view of the continued intra-and inter-annual rainfall variability across northern 40 
Nigeria, and amid rapid rural population growth recently, a return to the rainfall levels of the 41 
drought decades, would require informed response. The study suggests that satellite rainfall 42 
estimates can offer such information, especially since we observed high spatial variability in 43 
rainfall distributions and trends. 44 
Keyword: Northern Nigeria, Rainfall recovery, Satellite rainfall products, Season rainfall 45 
variables, Spatial-temporal analysis, Sudano-Sahelian.  46 
1. Introduction 47 
The Sudano-Sahelian ecological zone of Sub-Saharan Africa at Latitude (12°-20° N), is well 48 
known for its variable climate, where rainfall variability in the last three decades of the 20th 49 
century exceeded that in others parts of the world (Sanogo et al., 2015). The period 1931-1960 was 50 
considered to have above average rainfall, but an abrupt change occurred in the late 1960s, with 51 
up to 30% decline in average rainfall between 1961 and 1990 (Hulme, 1992; Fink et al., 2010). 52 
Severe droughts occurred during the 1970-1990 period (Nicholson, 2000), and those of 1972-1974 53 
and 1983-1985 entailed severe food shortages, and loss of human life and livestock (Mortimore, 54 
2000). 55 
Northern Nigeria’s climate is semi-arid, and rural livelihoods depend mainly on rain-fed 56 
agriculture (Hess et al., 1995; Tarhule and Woo, 1998), thus rainfall variability, which increases 57 
northwards, and changes in rainfall threaten the livelihoods of local people (Mortimore, 2000, 58 
Zhang et al., 2017). Timing of rainy season onset is important, as farmers make decisions about 59 
cropping and livestock movement which affect productivity, based on the first rains (Ingram et al., 60 
2002). The major determinant of crop production is soil moisture, but the region’s variable rainfall 61 
makes prediction of drought stress difficult. Drought stress during the seedling stage of the main 62 
cereal staples millet and sorghum results in reduced grain yield. For millet, drought just before the 63 
flowering period may reduce yields by up to 70% (Seetharama et al, 1984). Sorghum in particular 64 
is sensitive to late season rainfall, as sorghum does not enter the high water use period during its 65 
life cycle until August. Thus in addition to total seasonal rainfall and timing of rainy season onset, 66 
other important rainfall variables include the number, timing and length of dry spells, and seasonal 67 
distribution of rainfall is also an important variable. 68 
There are many accounts of rainfall trends in northern Nigeria (Buba, 2010; Hess et al., 1995; 69 
Olaniran, 1991, 1988; Mortimore, 2000; Tarhule and Woo, 1998; Tomlinson, 2010), mainly 70 
observing severe declines in the last decades of the 20th century, followed by a return to normal 71 
(Buba, 2010; Mortimore, 2000; Tomlinson, 2010). However, none provide a detailed study of the 72 
last 2 decades for different rainfall variables specific to crop production and rural livelihoods. For 73 
this, accurate rainfall data with high temporal, as well as spatial resolution is required. 74 
Most of the rainfall in Africa is formed by convective clouds, thus rainfall amount can vary over 75 
a few tens of km (Nicholson, 2000). However, the spatial distribution of rain gauge stations in 76 
West Africa is very sparse and these were significantly reduced over the last 3-4 decades (Sanogo 77 
et al, 2015). For example the number of gauges returning rainfall records in northern Kaduna state 78 
(now Katsina state) diminished from about 50 in 1941-70 to only 12 by 1999 (Tomlinson, 2010). 79 
Satellite based precipitation estimates provide an alternative to sparse, traditional gauge-based 80 
rainfall measurements. They are at continental and global scale and have high spatial and -temporal 81 
resolution. Thus they provide timely, repetitive and cost effective information about rainfall at 82 
different time scales from daily to annual. It is therefore necessary to assess the accuracy of 83 
different satellite based rainfall products compared to gauge rainfall, before they can be considered 84 
operational for local crop production forecasting and rural productivity assessments. A few 85 
previous studies have evaluated satellite-based rainfall products at continental scale: for West 86 
Africa (Sanogo et al., 2015), and for three different river basins in Africa (Thiemig et al., 2012). 87 
Also there are some studies at country level including Burkina Faso (Dembélé and Zwart, 2016), 88 
Ethiopia (Bayissa et al., 2017) and Mozambique (Toté et al., 2015). 89 
However, evaluations of satellite based rainfall products show large differences in algorithm 90 
performance depending on location, local climate, season and topography (Maidment et al., 2013; 91 
Tote et al, 2015). Also choice of the best rainfall product depends on the specific application. For 92 
drought monitoring studies, accuracy of low rainfall is the main requirement, and for hydrological 93 
and flood forecasting application, accuracy of high rainfall events is crucial (Toté et al., 2015). 94 
Almost all studies of rainfall in northern Nigeria report great spatial variation in rainfall amounts 95 
and trends, with large differences in nearby areas, and many conflict with other studies (Buba, 96 
2010; Mortimore, 2000; Tomlinson, 2010) for the same regions. Additionally, previous studies 97 
have been confined to data from a few climate stations, and are therefore spatially incomplete. In 98 
many cases satellite-based observations appear to conflict with farmers’ perceptions of rainfall 99 
trends and its effects on their lives (West et al., 2008). This study aims to evaluate the available 100 
sources of both spatial and temporal rainfall data over recent decades in northern Nigeria, and to 101 
assess impacts on the rural landscape and agricultural economy. 102 
The specific objectives of this study are: 1) to compare temporal trends in rainfall data from ground 103 
stations at daily, dekadal, monthly and annual time scales, with satellite-based estimates which use 104 
a combination of thermal infra-red and radar images, and ground station data, as satellite rainfall 105 
estimates can increase the spatial coverage if proved to be reliable; 2) to evaluate satellite rainfall 106 
products for retrieval of seasonal rainfall variables; 3) to analyse inter-annual variability and 107 
temporal trends over a 30-year period (1984-2013) from gauge-based rainfall variables; and 4) to 108 
analyse both spatial and temporal variability over the same 30-year period (1984-2013) using 109 
satellite derived rainfall variables. 110 
2. Study area  111 
The study area covers the Sudano-Sahelian savanna ecological zone of northern Nigeria between 112 
latitude 8°-16° N and longitude 1°-17° E. This zone covers the northern states and the Federal 113 
Capital Territory Abuja (Figure 1). The landscape comprises rolling or gently undulating plains 114 
often referred to as the “High Plains of Hausaland” (Mortimore, 1965). 115 
Most rainfall in Nigeria comes from southwesterly winds from the tropical Atlantic Ocean, thus 116 
the annual rainfall amount and duration of rainy season decreases from south to north, with greater 117 
variability northward (Anyadike, 1993; Hess et al., 1995). The more southerly Sudan zone receives 118 
more than 650 mm average annual rainfall falling to 400 mm in the Sahel zone. In the northern 119 
states of Nigeria, over 80 % of the land is cultivated in the April to September rainy season. Over 120 
the 35 years of this study, northern Nigeria has seen large increase in rural population densities. 121 
(Tiffen, 2001; National Population Commission, 2006), accompanied by intensification of 122 
agriculture. Kano’s rural population density was reported as 308 persons per km2 in 2006 (National 123 
Population Commission, 2006). However as nutritional status across northern Nigeria is low, with 124 
20 to 50 % of children showing some degree of stunting and/or underweight (Hall and Bohen, 125 
2009), return to the drought conditions of the 1970s and 80s, could be disastrous for farming 126 
families.  127 
 
Figure 1. Location of northern Nigerian states and weather station rain gauges. Grey circles denote 128 
availability of daily and dekadal data, and red circles denote the location of available monthly data. 129 
 130 
 131 
3. Datasets 132 
3.1 In-situ gauge rainfall data 133 
Daily rainfall data were obtained for 10 weather stations, including six (Bauchi, Gombe, Ibi, 134 
Nguru, Maiduguri, and Yola) from the Nigerian Meteorological Agency (NIMET) and four 135 
(Kadawa, Minjibir, IAR Kano, Zaria) from the Institute of Agricultural Research (IAR) (Figure 1 136 
and Table 1). Only stations with above 80% data availability were considered for comparison with 137 
satellite based rainfall estimates. Daily rainfall data were accumulated to form dekadal (10 days), 138 
monthly and seasonal (Apr-Oct) rainfall for comparison with satellite based rainfall estimates. 139 
Another 8 stations (Bida, Daura, Gusau, Kaduna, Katsina, Potiskum, Sokoto and Yelwa) having 140 
only monthly rainfall data were acquired from NIMET. However, the temporal coverage of 141 
weather stations varies from station to station. 142 
3.2 Satellite based rainfall products 143 
Satellite-based rainfall products typically exploit a combination of data from thermal infrared 144 
(TIR), passive microwave (PMW), and ground-based gauge observations, and these datatypes are 145 
often combined to create an optimal product. A variety of rainfall datasets has been produced using 146 
convective cloud top temperature by applying the cold cloud duration (CCD) technique (Maidment 147 
et al., 2014). In this study, four satellite-based rainfall products (Table 2), were selected for 148 
evaluation against rainfall gauge data, because of their long time series, near-real time data 149 
availability and free access. 150 














1 Bauchi Daily 1984-2013 10.27 9.82 584 
2 Maiduguri Daily 1984-2013 11.85 13.10 337 
3 Nguru Daily 1984-2013 12.96 10.46 343 
4 Minjibir Daily 1973-2015 12.12 8.70 429 
5 IAR Kano Daily 1998-2010 11.98 8.55 484 
6 Kadawa Daily 1984-2007 11.67 8.42 489 
7 Zaria Daily 1965-2015 11.14 7.67 660 
8 Gombe Daily 1984-2013 10.46 11.25 407 
9 Yola Daily 1984-2013 9.22 12.46 156 
10 Ibi Daily 1984-2013 8.17 9.74 107 
11 Daura Monthly 1951-2002 12.97 8.30 476 
12 Bida Monthly 1981-2015 9.10 5.63 190 
13 Kaduna Monthly 1981-2015 10.58 7.43 621 
14 Katsina Monthly 1981-2015 13.01 7.68 501 
15 Sokoto Monthly 1981-2015 12.91 5.20 307 
16 Gusau Monthly 1981-2015 12.01 6.70 508 
17 Potiskum Monthly 1981-2015 11.71 11.11 432 
18 Yelwa Monthly 1981-2015 10.88 4.75 160 
 152 
TAMSAT African Rainfall Climatology and Time series (TARCAT) 153 
The TARCAT v2.0, TIR based precipitation dataset at a spatial resolution of 4 km is based on the 154 
TAMSAT (Tropical Applications of Meteorology using Satellite and ground-based observations) 155 
rainfall estimation algorithm, which was constructed from archived Meteosat TIR imagery CCD, 156 
and locally calibrated against rain gauge records. It was developed by the University of Reading, 157 
UK, for Africa only, and is available from 1983 onwards at daily, dekadal, monthly and yearly 158 
scales (Maidment et al., 2014; Tarnavsky et al., 2014). 159 
African Rainfall Climatology Version 2 (ARC2) 160 
The ARC v2.0 (African Rainfall Climatology Version 2) satellite based daily gridded precipitation 161 
dataset centered over Africa at a spatial resolution of 10 km is also available from 1983 onwards, 162 
and uses inputs from three sources: 1) 3-hourly geostationary thermal infrared (TIR) data from the 163 
European Organisation for the Exploitation of Meteorological Satellites (EUMETSAT), 2) data 164 
from TRMM’s microwave sensors and 3) quality controlled Global Telecommunication System 165 
(GTS) gauge observations reporting 24-h rainfall accumulations over Africa (Novella and Thiaw, 166 
2013). 167 
Tropical Rainfall Measuring Mission (TRMM) 168 
The Tropical Rainfall Measuring Mission (TRMM) is a joint mission between the National 169 
Aeronautics and Space Administration (NASA) and the Japan Aerospace Exploration Agency 170 
(JAXA) aimed at improving observations of precipitation across the globe between 45° N and 45° 171 
S. The most widely used outputs are the TRMM Multi-satellite Precipitation Analysis (TMPA) 3-172 
hourly (3B42) product accumulated to daily and monthly (3B43) products, which are available 173 
from 1998 to 2014 at spatial resolution of 25 km (Huffman et al., 2007; Maidment et al., 2014). 174 
The TMPA product depends on input from a combination of optical, thermal and microwave 175 
sensors, as well as gauge data (Dembélé and Zwart, 2016). Daily TRMM 3B42 V7 and monthly 176 
3B43 V7 products were used in this study. 177 
Climate Hazards group Infrared Precipitation with Stations (CHIRPS) 178 
The CHIRPS Version 2.0 rainfall dataset was developed by US Geological Survey (USGS) and 179 
Climate Hazard Group at the University of California, Santa Barbara. It is available from 1981 180 
onwards at spatial resolution of 5 km. 181 
The CHIRPS algorithm i) incorporates satellite thermal IR data to represent sparsely gauged 182 
locations, ii) blends station data to produce a preliminary information product with a latency of 183 
about 2 days and a final product with an average latency of about 3 weeks, and iii) uses a novel 184 
blending procedure incorporating the spatial correlation structure of CCD-estimates to assign 185 
interpolation weights. CHIRPS also uses the TRMM’s TMPA product, which includes several 186 
microwave sources, to calibrate global Cold Cloud Duration (CCD) rainfall estimates (Funk et al., 187 
2015). 188 
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4. Methods 191 
 192 
4.1 Evaluation of satellite based rainfall products 193 
Previous studies have found only weak relationships between satellites and gauge data for daily 194 
rainfall comparisons (Dembélé and Zwart, 2016; Sanogo et al., 2015). In this study we compare 195 
gauge rainfall against satellite data on daily, dekadal, monthly and seasonal time scales, for four 196 
different satellite-based rainfall products (ARC, CHIRPS, TAMSAT and TRMM). The period 197 
1998 to 2014 was examined as TRMM data were only available for this period. Eighteen weather 198 
stations (Figure 1) were used, except for daily and dekadal (10 days) comparisons which were 199 
conducted for only ten weather stations which have daily rainfall data for this period (Table 1). 200 
Pixel values at gauge locations were extracted for comparison of gauge data with satellite rainfall 201 
estimates and accumulated into dekadal, monthly and seasonal values. For every month, the first 202 
two dekads comprise ten days, while the last dekad comprises 8-11 days depending on the month. 203 
Satellite rainfall estimates were compared with gauge rainfall using the pairwise comparison 204 
statistical measures, Pearson product-moment coefficient of correlation (R), Bias, Mean Error 205 
(ME) and Root Mean Square Error (RMSE).  206 
Pearson correlation coefficient (R) measures the strength of linear relationship between satellite 207 
and gauge rainfall. Values of ‘R’ close to 1 indicate a perfect relationship between satellite and 208 
gauge rainfall estimates. The statistical significace of correlation (R) is represented by asterisks 209 
(** = p < 0.01 and * = p <0.05) 210 
R  =  
𝛴(𝐺−?̅?)(𝑆−?̅?)
√𝛴(𝐺−?̅?)2√𝛴(𝑆−?̅?)2
 (1) 211 
Where G = gauge rainfall amount, ?̅?= average gauge rainfall amount, S = satellite rainfall 212 
estimates, 𝑆̅ = average satellite rainfall estimates, n = total number of data. 213 
Bias indicates how well the average of satellite rainfall estimates corresponds with average of 214 
gauge rainfall. Values close to 1 show that cumulative satellite rainfall estimates are close to 215 
cumulative gauge rainfall measures. A Bias greater than 1 indicates satellite overestimates, while 216 
less than 1 indicate satellite underestimates. 217 
Bias    =  
𝛴𝑆
𝛴𝐺
  (2) 218 
Mean error (ME) is the measure of average difference between satellite and gauge rainfall 219 
amounts. A positive value reflects an overestimation of satellite rainfall whereas negative indicates 220 




∑ (𝑆 − 𝐺)𝑛𝑖=1  (3) 222 
Root mean square error (RMSE) is the standard deviation of the difference between satellite 223 
rainfall estimates and gauge rainfall. A higher value of RMSE indicates large difference between 224 
satellite and gauge rainfall measures. 225 
RMSE =  √
1
𝑛
∑ (𝑆 − 𝐺)2𝑛𝑖=1  (4) 226 
According to Toté et al (2015), for drought monitoring studies, overestimation of satellite rainfall 227 
(ME > 0) must be avoided and for hydrological and flood forecasting studies, underestimation of 228 
satellite rainfall estimate (ME < 0) should be avoided. 229 
For analysis of changes in rainfall regime across northern Nigeria, seasonal rainfall variables were 230 
calculated from daily rainfall events. In this study, we used the definition of seasonal rainfall 231 
variables by Zhang et al (2017), as follows. Rainy season onset was defined as the first occurrence 232 
of at least 20 mm cumulative rainfall within seven consecutive days after May 1, followed by at 233 
least 20 mm rainfall in the next 20 days to avoid “false starts”. Rainy season cessation was defined 234 
as the occurrence of less than 10 mm cumulative rainfall in 20 consecutive days after September 235 
1. Length of rainy season was defined by the number of days between onset and cessation of rainy 236 
season. Season rainfall amount was defined by accumulating all daily rainfall events above 1 mm 237 
over the whole rainy season. Frequency of rainy season was defined by number of rainy days with 238 
rainfall amount ≥ 1 mm divided by the length of rainy season. Intensity of rainfall was defined as 239 
the total amount of rainfall during the rainy season divided by the number of rainy days with 240 
rainfall ≥ 1 mm. The number of rainy days was calculated according to different levels of rainfall 241 
amount with 1-10, 10-20, 20-30 and >30 mm/day separately. Seasonal distribution was defined by 242 
the ratio of amount of rainfall in the first and second halves of the rainy season (calculated based 243 
on onset and length of season). Dry spells within the rainy season were defined as rainfall below 244 
1 mm in at least seven consecutive days. Dry spells were characterised by three variables, namely 245 
the number of dry spells, cumulative and mean length of dry spells by number of days. Ten weather 246 
stations with long term daily rainfall (Table 1) were used to derive these seasonal rainfall variables.  247 
 248 
4.2 Temporal trend estimation from gauge based rainfall variables 249 
To place satellite-based rainfall estimates in long term context, temporal trends in rainfall over 250 
northern Nigeria were calculated from gauge based rainfall variables for those stations which fall 251 
within Sanogo et al’s (2015) definition of the West African Sahel between latitudes 9° and 20° N, 252 
in terms of rainfall variability. To estimate the magnitude and direction of changes in seasonal 253 
rainfall variables, the Sen Slope method (Sen, 1968) was adopted. This is a linear regression model 254 
which calculates slope using the median value of slopes from all pairs of observations in a time 255 
series (Equation 5), and thus is free from serial autocorrelation and heteroscedasticity, and is 256 
resistant to outliers and missing data within the time series. The significance of the observed trends 257 
was assessed by, the Mann–Kendall (MK) non-parametric significance test, which accounts for 258 




                     (5) 260 
Q is the slope. 261 
Yj and Yi are values of time series, where j is greater than i,  262 
There will be a total of N data pairs for which j is greater than i. The Sen Slope is the median of N 263 
values of Q. 264 
4.3 Calculation of standardized anomalies for studying inter-annual variability 265 
To study inter-annual variability over the long term, and due to strong spatial variability and 266 
uneven spatial distribution of rain gauges in Sudano-Sahelian region, we applied the Standardized 267 




                                    (6) 269 
Where 𝑋𝑖= regional rainfall variable for year ®, where region refers average value of all rain gauge 270 
stations over the region of interest, 271 
 𝑋 = average of the inter-annual regional rainfall variable, 272 
 𝜎(𝑋) = standard deviation of inter-annual regional rainfall variable. 273 
4.4 Spatio- temporal trends for satellite rainfall variables 274 
Since CHIRPS was observed to be the best overall satellite rainfall product when all variables were 275 
considered, CHIRPS was used to represent the spatio-temporal trends of rainfall variables across 276 
northern Nigeria. Trends from 1981 to 2015 were evaluated for every pixel in the study area, using 277 
Sen slope, and the Mann–Kendall (MK) significance test. 278 
5. Results and discussion 279 
5.1 Evaluation of satellite rainfall estimates 280 
In this study four satellite-based rainfall products were evaluated against gauge data from the 10 281 
weather stations having daily data (Figure 1), to identify the best rainfall product for northern 282 
Nigeria at daily, dekadal, monthly and seasonal time scales. Also satellite rainfall products were 283 
evaluated for different rainy season variables to find the best product for analyzing temporal trends 284 
in rainy season characteristics over space. For all the plots (Figures 2-7), the red line is the 1:1 line, 285 
the solid blue is linear regression line between gauge and satellite estimates and the dashed blue 286 
lines are 95 % confidence intervals (CI). 287 
5.1.1 Daily comparison 288 
Comparison between satellite-based daily rainfall estimates from ARC, CHIRPS, TARCAT and 289 
TRMM and individual rain gauge stations for the period 1998-2014 shows only weak 290 
relationships, with correlation coefficient ‘R’ values ranging from 0.3 to 0.5. The best overall 291 
performance was observed for TARCAT (R = 0.45), followed by CHIRPS (R = 0.35), ARC (R = 292 
0.34) and TRMM (R = 0.32), although TARCAT showed the greatest Bias (0.90). All of the 293 
satellite products show substantial overestimation of low rainfall events and underestimation of 294 
high rainfall events. This accords with other studies in northern Nigeria (Sanogo et al, 2015) and 295 
Burkina Faso (Dembélé and Zwart, 2016). 296 
 297 
5.1.2 Dekadal comparison 298 
Dekadal (10 days) comparisons (Figure 2) show a good agreement between gauge rainfall, and 299 
CHIRPS and TARCAT satellite estimates respectively, with correlation coefficient ‘R’ values 300 
between 0.50 and 0.80 for the majority of weather stations. Correlation values for TRMM (0.49-301 
0.73) and ARC (0.24-0.69) were somewhat lower. CHIRPS was also found to have the best Bias 302 
close to one (0.79-1.10), followed by ARC (0.74-1.12), TARCAT (0.60-1.17) and TRMM (0.73-303 
1.21). The lowest RMSE values were found for CHIRPS (35.16 mm.dekad-1), followed by 304 
TARCAT (36.37 mm.dekad-1), TRMM (39.53 mm.dekad-1 ) and ARC (42.28 mm.dekad-1). The 305 
superior overall performance of CHIRPS for dekadal rainfall was also noted for Ethiopia (Bayissa 306 
et al, 2017) and Mozambique (Toté et al, 2015). All satellite products show overestimation of low, 307 
and underestimation of high dekadal rainfall amounts, for the majority of weather stations. In terms 308 
of agricultural yield prediction, such underestimation of dekadal rainfall by satellite products is 309 
not as critical as overestimation, as the major stress on the main cereals crops sorghum and millet 310 
is drought especially 15 to 20 days of no rain in mid-growing season (Seetharama et al, 1984).  311 
5.1.3 Monthly comparison 312 
Monthly satellite estimates show better performance than at daily or dekadal scales, with 313 
correlation values between 0.55-0.86 for all satellite products except for ARC (Figure 3).  314 
 315 
 
Figure 2.  Comparison of dekadal (10 days) rainfall, between rain gauge and satellite rainfall 316 
estimates for 10 weather stations for 1998-2014. 317 
 
Figure 3.  Comparison of monthly rainfall between rain gauge and satellite rainfall estimates for 318 
18 weather stations for 1998-2014. 319 
This improvement is because aggregation of daily or dekadal data into monthly values cancels out 320 
errors at daily or dekadal scales (Dembélé and Zwart, 2016). The monthly satellite estimates for 321 
all 18 weather stations for the period 1998-2014 in mm/month, compare well with gauge rainfall. 322 
Overall CHIRPS gives the best results with the highest correlation value of 0.81 and lowest RMSE 323 
value of 63.47 mm/month, and for CHIRPS, the blue trend line is closest to the red 1:1 line. Lower 324 
correlation values were observed for TARCAT, TRMM and ARC of 0.77, 0.75 and 0.64 325 
respectively. These findings are in agreement with Bayissa et al (2017) in Ethiopia and Toté et al 326 
(2015) in Mozambique, who reported that CHIRPS performed better than other satellite estimates 327 
at monthly scale. 328 
5.1.4 Yearly comparison 329 
Monthly rainfall data from April to October were accumulated for both satellites and gauges, to 330 
produce seasonal (yearly) rainfall totals, for the 16 years, 1998 to 2014 for the 18 weather stations. 331 
A good agreement was observed between satellite and gauge rainfall data with correlation values 332 
ranging between 0.62-0.79 (Table 3). Highest correlation values were observed for CHIRPS (0.79) 333 
and lowest for ARC (0.62), and a Bias close to 1 was found both for CHIRPS and TRMM (0.97), 334 
followed by ARC (0.93) and TARCAT (0.84) respectively. The observed negative values of ME 335 
(Table 3) indicate that all satellite datasets underestimate seasonal rainfall compared to gauge 336 
measurements. The lowest value of mean error was observed for CHIRPS (-27.38 mm/season) 337 
followed by TRMM (-29.7 mm/season), ARC (-58.7 mm/season) and TARCAT (-141.3 338 
mm/season) respectively. Similarly the lowest value of RMSE was found for CHIRPS (196.6 339 
mm/season), followed by TRMM (214.3mm/season), ARC (264.4 mm/season) and TARCAT 340 
(274.3 mm/season) respectively. These findings accord with those of Bayissa et al (2017), who 341 
observed best correspondence of CHIRPS with gauge data at seasonal time scale in Ethiopia, but 342 
disagree with Dembélé and Zwarts (2016), whose seasonal satellite data indicate overestimation 343 
of annual rainfall in Burkina Faso, as our data indicate underestimation. 344 
Table 3. Yearly comparison of satellite rainfall products. 345 
 TRMM TARCAT CHIRPS ARC 
Correlation (R) 0.75** 0.69** 0.7**9 0.62** 
Bias (no units) 0.97 0.84 0.97 0.93 
Mean Error 
(mm/season) 
-29.7 -141.3 -27.3 -58.7 
RMSE 
(mm/season) 
214.3 273.9 196.6 264.4 
** Statistically significant at 0.01 level. 346 
5.1.5 Seasonal rainfall variables 347 
A spatial correlation between three satellite datasets (TARCAT, CHIRPS and ARC) and gauge 348 
based rainfall variables for 10 weather stations was undertaken for the period 1984-2013. TRMM 349 
data are not included as they are not available for the earlier years 1984-1997, and we observed 350 
the TRMM data quality to be consistently inferior to CHIRPS and TARCAT. For the onset and 351 
cessation of rainy season, satellite estimates compare fairly well with the gauge-based data, with 352 
correlation coefficient R values between 0.53 and 0.65 for onset, and 0.59 and 0.70 for cessation, 353 
with ARC showing the lowest values (Figure 4). Similarly for length of season and amount of 354 
rainfall, a linear relationship between satellite and gauge based rainfall measures is observed with 355 
R values between 0.63 and 0.74 for season length, and 0.57 and 0.78 for rainfall amount. Again 356 
ARC indicates lower values of R (0.63, 0.57) for length and seasonal amount of rainfall compared 357 
to CHIRPS (0.71 and 0.78) and TARCAT (0.74 and 0.61) (Figure 5 scatterplots). For the total 358 
number of rainy days per season, a high value of R = 0.79 was observed for CHIRPS compared to 359 
ARC (0.74) and TARCAT (0.72) (Figure 6a-c). Thus in summary, for onset, cessation and length 360 
of season, although CHIRPS showed the best overall performance, if confidence intervals (blue 361 
dashed lines on Figures 4 a-f and 5 a-c) are considered, TARCAT should be deemed equally robust. 362 
However, a marked discrepancy existed between satellite and station data, for rainy days with 363 
given stepped intervals of rainfall (Figure 6d-o). For rainy days with low rainfall amounts of 1-10 364 
and 10-20 mm/day, a higher number of rainy days were observed for satellite products compared 365 
to gauge measurements (Figure 6d-i), and this is in agreement with Zhang et al (2017) who also 366 
report a higher number of small rainfall events estimated by satellite compared to gauge data. On 367 
the contrary, satellites observe a lower frequency of high rainfall events > 30 mm/day, than ground 368 
stations (Figure 6 m-o), and this is in line with the findings of Toté et al (2015), who reported large 369 
underestimation of high rainfall events by the satellite product. In this study, CHIRPS 370 
outperformed ARC and TARCAT for all stepped intervals of rainfall events (Figure 6 a-o) except 371 






Figure 4. Comparison between gauge and satellite, for onset of rainy season (day of year) (a-c) 377 
and cessation of rainy season (day of year) (d-f) for all weather stations (1984-2013). 378 
 
 379 
Figure 5. Comparison between gauge and satellite, for length of rainy season (days) (a-c) and 380 




Figure 6. Comparison between gauge and satellite, for the total number of rainy days with >1 385 
mm day -1 (a-c), with 1-10 mm day -1 (d-f), with 10-20 mm day -1 (g-i), with 20-30 mm day -1 (j-386 
l) and with > 30 mm day -1 (m-o) rainfall amount for all weather stations (1984-2013). 387 
 388 
The higher number of low rainfall events captured by satellite products affects the estimation of 389 
dry spell variables, with a lower representation of dry spells. Thus we observe a very weak 390 
correlation for number of dry spells (0.02-0.09), mean length of dry spells (0.03-0.13) and 391 
cumulative length of dry spells (-0.005-0.03) for all three satellite datasets. Toté et al (2015) also 392 
found a large error in the detection of dry spells, with RFE data (only available since 2001) 393 
showing the best performance compared to CHIRPS and TARCAT. 394 
Due to this high representation of low rainfall events by satellite products, a higher total number 395 
of rainy days (Figure 6a-c) and higher frequency of rainfall (Figure 7 a-c) are observed for satellite 396 
products. Correspondingly a lower representation of intensity (Figure 7 d-f) of rainfall events for 397 
satellite products is observed, as Intensity is the ratio between seasonal rainfall amount and total 398 
number of rainy days per season. 399 
 
Figure 7. Comparison between gauge and satellite, for frequency (a-c) and intensity of rainy 400 
season (d-f) for all weather stations (1984-2013). 401 
The satellite rainfall variables best representing gauge data were total annual (seasonal) rainfall, 402 
the total number of rainy days, and length of rainy season. These good results for variables 403 
measured across the whole rainy season, may be partly due to positive and negative errors 404 
cancelling out. The overestimation of rainy days by satellites is due to detection of low and patchy 405 
rain within a pixel, compared to a ground point where no rain has fallen. However, this is a serious 406 
shortcoming of satellite estimates, as this could suggest adequate rainfall during a drought. 407 
Notwithstanding, although rainfall variables based on single-day rainfall events may show bias 408 
due to difference in scale between point-based gauge and large area satellite data, the temporal 409 
trends in rainfall variables from satellite data are still expected to be valid. 410 
5.2 Temporal trends for northern Nigeria using gauge based rainfall variables 411 
Temporal trends over northern Nigeria were estimated over three decades, from 1984 to 2013 412 
using the average value for every year of nine stations (excluding Ibi weather station lying in 413 
Guinea zone) having daily data (Figure 1). Clear significant and positive trends were observed for 414 
the seasonal rainfall amount, cessation and length, as well as for rainfall intensity, the total number 415 
of rainy days and rainy days with more than 30 mm rainfall (Table 4). Our findings support those 416 
of Sanogo et al (2015), who observed similar trends from 1980 to 2010, using all gauges averaged 417 





Table 4. Trends from 1984 to 2013 for gauge based rainfall variables (averages over all stations) 423 
were estimated using Sen’s slope (with slope expressing changes in units per year). Positive 424 
(negative) values indicate increasing (decreasing) rainfall variable trends and statistically 425 
significant changes are denoted by asterisks (+=p≤0.1, * =p≤ 0.05; ** =p≤ 0.01; *** =p ≤ 0.001) 426 
with respect to the Mann-Kendall test accounting for temporal autocorrelation. 427 
 Season rainfall variables Gauge- trends 
1 Onset of Rainy Season (day of year) -0.18 
2 Cessation of Rainy Season (day of year) 0.44
* 
3 Length of Rainy Season (days) 0.53
* 
4 Season rainfall amount (mm year-1) 8.2
** 
5 Frequency 0 
6 Intensity (mm day-1) 0.12
** 
7 Number of rainy days with 1-10 mm (days) 0 
8 Number of rainy days with 10-20 mm (days) 0.02 
9 Number of rainy days with 20-30 mm (days) 0.02 
10 Number of rainy days >  30 mm (days) 0.11
** 
11 Season distribution -0.001 
12 
Total number of rainy days with > 1mm 
(days) 
0.18+ 
13 Cumulative dry days (days) 0.21 
14 Length of Dry Spell (days event-1) 0.03 
15 Number of Dry Spells (events year-1) 0.002 
 428 
The rainy season starting date, which is critical for farming, showed non-significant trends (Table 429 
4), which is in agreement with Sanogo et al’s (2015) gauge-based observations in the Sahel. We 430 
also observed significant positive trends for number of days of heavy rainfall over 30 mm, and in 431 
consecutive wet days, but insignificant trends for dry spells (Table 4) which accords with Sanogo 432 
et al’s  (2015) observations for the Sahel. This suggests that recovery of rainfall in northern Nigeria 433 
since the drought decades of 1970s and 80s is mainly related to increase in number of rainy days 434 
(Table 5), a higher number of extreme rainfall events and later cessation of rainy season, rather 435 
than earlier onset of rains, or a reduction in the length or number of dry spells. 436 
On the other hand, while Hess et al’s (1995) study of northern Nigeria during the drought decades 437 
of 1970s and 80s had similar findings of no changes in rainy season onset even during the drought 438 
decades, they did observe a dramatic fall in the average number of rainy days per rainy season 439 
during those dry decades (Hess et al, 1995). 440 
Table 5. Average number of rainy days per year for five different decades for three northerly 441 














Maiduguri  47 35 30 42 41 
Nguru  36 27 20 29 27 
Daura 46.7 42.4 37 29.9 35.5  
 443 
5.3 Spatial distribution of monthly and annual rainfall trends using gauge data (1984-444 
2013) and CHIRPS rainfall product (1981-2015) 445 
Monthly rainfall data are required to investigate trends in total annual rainfall as well as its seasonal 446 
distribution. Thus the spatial aspects of trends in monthly and total annual rainfall between 1984 447 
and 2013 were investigated based on both rain gauge data and CHIRPS data for the period 1981-448 
2015 (Table 6 and Figure 8), as CHIRPS proved to be the most robust satellite rainfall product, 449 
and can be used to represent the typical performance of satellite rainfall datasets. CHIRPS satellite 450 
data for the 35-year period 1981 to 2015, show clear positive trends in annual rainfall over most 451 
of northern Nigeria (Figure 10). The CHIRPS observations are supported by clear positive trends 452 
in annual rainfall evident at stations across northern Nigeria (Table 6), which confirms rainfall 453 
recovery after the droughts of the 1980s.  454 
 455 
Table 6. Trends for gauge based total annual and monthly rainfall using Sen’s slope for the 456 
period 1981-2015. Statistically significant changes are denoted by asterisks (+=p≤0.1, * =p≤ 457 
0.05; ** =p≤ 0.01; *** =p ≤ 0.001) with respect to the Mann-Kendall test accounting for 458 




April May June July August September October 
Sokoto 5.6* 0 0.9 0.2 0.2 2.1* 0.9 0.3** 
Nguru 4.4+ 0 0.3 1.1+ -0.02 1.9 1.23 0.2* 
Gusau 2.6 0 0.4 -0.2 0.7 1.1 -1.6 0.9* 
Katsina 7.5** 0 0.3 0.9 -0.06 4.3** 0.4 0.3** 
Minjibir 8.1+ 0 -0.06 1.0 2.5* 3.2 1.7+ 0.4* 
Kano 11.2** 0 0.3 2.7* 3.1* 3.9 1.6 0.07 
Maiduguri 10.2*** 0 0.2 1.8 2.6 3.2 2.1 0.6 
Kadawa 6 0 -0.2 -0.8 -0.3 4.8+ 1.4 1.2 
Potiskum 4.2 0 0.2 1.7* 1.3* 0.6 2.7* 0.1 
Zaria 9.9*** 0.3 0.9 -0.07 0.7 2.9 4.6** 1.4+ 
Yelwa 4.1 0.3 0.4 -0.002 -0.4 3.6 2.5* 0.6 
Kaduna 1.7 0.07 -0.08 -0.4 0 -0.9 1.7 2.1* 
Bauchi 21.4*** 0.3 -0.8 3.3* 3.7 6.2* 2.3 0.8 
Yola -5.7 -0.9 -1.3+ 2.2+ -3.2** -1.3 1.1 0.9 
Ibi -1.2 0.1 -1.4 -0.1 -0.5 -3.2* 0.9 0.9 
 460 
Our satellite and gauge-based results conflict with Sanogo et al (2015) ARC-based estimates of 461 
rainfall trends for northern Nigeria, as they report negative but insignificant trends for seasonal 462 
rainfall amount for areas surrounding our climate stations of Kaduna, Zaria, Kano, Minjibir and 463 
Gusau. They suggest that decline in the number of GTS ground stations for these areas explained 464 
the observed negative trends using ARC-based satellite data. The reliance of CHIRPS on high 465 
resolution climatology (Toté et al., 2015) and multiple satellite products including visible, thermal 466 
infra-red and microwave as opposed to ARC’s emphasis on ground station data may explain the 467 
better result for long-term rainfall trends from CHIRPS. 468 
Our CHIRPS satellite data observe a trend of increased rainy season length (Figure 9), with more 469 
rain in the months of August to October (Figure 8), and this is supported by our ground stations 470 
(Table 7). Our gauge observations indicate that the observed increase in annual rainfall is due to 471 
increases of 1-2 mm/year in each of the months August to October (Table 7) and these months 472 
contribute over 50% of annual rainfall amount.  473 
Table 7. Trends for gauge based monthly rainfall (average for all gauges in northern Nigeria) for 474 
the period 1984-2013. 475 
Months March April May June July August September October 




0.37 2.28 7.90 13.46 23.36 30.25 18.24 4.10 
 476 
In August, the month with greatest overall increase in rainfall, distribution of the increase is 477 
extremely patchy, with large increases of over 4 mm in the northeast, but non-significant trends in 478 
many other areas. A marked decrease in September around the Federal Capital Territory in the 479 
south, is also evident. Thus CHIRPS satellite products give a better spatial representation of overall 480 
long term rainfall trends, growing season length, and distribution of rainfall within the growing 481 
season, than ground station data. 482 
 483 
 
Figure 8. Spatial temporal trends in CHIRPS based monthly rainfall between 1981 to 2015 based 484 
on Sen’s slope expressing change in monthly rainfall in mm/year. White areas showing non-485 
significant trends at 90% confidence level with respect to the Mann–Kendall test. 486 
 487 
5.4 Spatio-temporal trends in CHIRPS rainfall variables (1981-2015) 488 
CHIRPS satellite-based observations indicate significant positive changes between 1981 and 2015 489 
for seasonal rainfall amount, which represents the traditional May to September growing season, 490 
and these increases are most marked in northeastern and north central Nigeria (Figure 10) around 491 
the cities of Maiduguri and Kano, with dense rural populations dependent on agriculture. A 492 
significant but less marked increase in seasonal rainfall is also evident in the extreme northwest of 493 
Nigeria around the city of Sokoto, also with a densely settled rural hinterland. Significant positive 494 
changes across the whole region are also observed for total annual rainfall amount and the total 495 
number of rainy days (Figure 10). However, the distributions are extremely patchy, with some 496 
areas gaining over 9 mm annual rainfall, adjacent to areas with no gain. 497 
The length of rainy season also showed significant positive trends over most of northern Nigeria 498 
(Figure 9), indicating that the rainy season has become longer in recent years, due to a late ending. 499 
The onset of rainy season shows non-significant trends in most parts of northern Nigeria, so 500 
indicating little change in the start of the rainy season, thus the longer rainy season appears mainly 501 
due to later cessation of rains. 502 
The number, cumulative length and average length of dry spells (Figure 11) show a decreasing 503 
trend over the whole area but especially in northwestern Nigeria. This would have favourable 504 
implications for crop production and crop security, as a non-interrupted supply of moisture 505 
throughout the growing season is essential for a good yield. 506 
 507 
 
Figure 9. Spatial temporal trends for seasonal onset (day of year), cessation (day of year) and 508 
length (days) using CHIRPS data between 1981 and 2015 based on Sen’s slope expressing changes 509 
in days/year. 510 
 
 511 
Figure 10. Spatial temporal trends for seasonal rainfall amount (mm/year), total number of rainy 512 
days per season (days), frequency (no units) and intensity (mm/day). 513 
 
Figure 11. Spatial temporal trends for total number (events /year), cumulative length (days/year) 514 
and mean length of dry spells (days/event) using CHIRPS data between 1981 and 2015 based on 515 
Sen’s slope. 516 
5.5 Discussion 517 
Of the four satellite rainfall products examined, CHIRPS demonstrated the best results with 518 
consistently higher correlation for most variables, a Bias closest to 1 and lower error, when 519 
compared to ground station data. The results for TARCAT were also consistently good, with 520 
confidence intervals overlapping with those of CHIRPS. The robustness of satellite rainfall 521 
estimates increased with increasing aggregations of daily data, due to cancelling out of positive 522 
and negative errors. Thus for dekadal (monthly) data, CHIRPS, with r of 0.68 (0.81) and Bias close 523 
to 1, of 0.95 (0.98) observed good results. The observed underestimation of dekadal rainfall by all 524 
four satellite products, with ME <1, is not as critical for agricultural yield prediction as 525 
overestimation, as the major stress on the main cereal crops of northern Nigeria, sorghum and 526 
millet is drought, especially 15 to 20 days of no rain in mid-growing season. For drought 527 
monitoring, overestimation of satellite rainfall (ME >1) should be avoided, as it would tend to 528 
overlook drought periods. 529 
All satellite products overestimate low rainfall events, leading to overestimation of the number of 530 
rainy days in a season. This may be the result of the sensors’ much larger spatial scales than the 531 
point locations of rain gauges, as low rainfall is likely to be more patchy than heavier rainfall. 532 
Additionally, comparing point based measurements with large area pixel values would lead to a 533 
positive bias for variables with high spatial variability like rainfall in West Africa which occurs by 534 
local convective clouds (Fensholt et al., 2006). Thus for both these reasons, events with low rainfall 535 
of 1-10 and 10-20 mm are overestimated by satellite products. Although this overestimation 536 
appears to be a serious deficiency, which could lead to non-detection of drought spells during the 537 
growing season, with consequences for crop yield prediction, all satellite products have the 538 
opposite tendency for high rainfall events, which they underestimate. Thus for dekadal, monthly 539 
and seasonal rainfall the overall tendency is slight underestimation, and the overall estimates of 540 
rainfall amounts are good. 541 
For estimating temporal trends for rainfall variables averaged over stations in northern Nigeria, 542 
our gauge data indicate recovery of rainfall since the drought decades of 1970s and 80s. This 543 
recovery, observed from both gauge and CHIRPS data between 1981 and 2015 appears to be due 544 
to increases of about 2 mm a year in the later part of the rainy season from August to October, with 545 
these months now contributing over 50% of annual rainfall. Thus both data types observed stronger 546 
rainfall recovery in the months of August and September, and CHIRPS data suggest particularly 547 
strong recovery in the northeastern states. Since sorghum enters a high water use period in the late 548 
growing season in August, this reduces the risk of late drought impeding the swelling of grain 549 
which affects dry weight production. 550 
Furthermore, our observed significant positive trends for number of days of heavy rainfall over 30 551 
mm, and for consecutive wet days, but insignificant trends for dry spells suggests that this recent 552 
rainfall recovery may be related to increase in number of rainy days, a higher number of extreme 553 
rainfall events and later cessation of rainy season, rather than a reduction in the length or number 554 
of dry spells. The onset of rainy season shows small negative (earlier start), but non-significant 555 
trends in most parts of northern Nigeria, so indicating little change in the start of the rainy season. 556 
Thus longer rainy season in recent years, appears to be due to a later cessation of rains. 557 
Conversely to gauge data averaged over the whole of northern Nigeria, which indicate a slight but 558 
non-significant increase in the number and average length of dry spells, CHIRPS data indicate a 559 
significant and decreasing trend in dry spells in some areas. These are in northwestern Nigeria 560 
around the city of Sokoto and in the southern part of the study areas around the cities of Jos and 561 
Abuja. This would have favourable outcomes for crop production and crop security, as a non-562 
interrupted supply of moisture throughout the growing season is essential for a good yield. 563 
CHIRPS-based rainfall variables indicate spatial differences in the observed large increases in 564 
seasonal rainfall over the last 35 years. The increase is especially marked in northeastern and north 565 
central Nigeria around the cities of Maiduguri and Kano, both of which have dense rural 566 
populations dependent on agricultural produce for their livelihoods. The patchy nature of rainfall 567 
variables across northern Nigeria affirms the need for the spatial perspective offered by satellite 568 
observations. 569 
6. Conclusion 570 
The only previous satellite-based studies of rainfall trends in West Africa (Sanogo et al, 2015; 571 
Zhang et al, 2017) were at continental scale, and used ARC satellite product, which is at a coarser 572 
(10 km) resolution, and is more reliant on the sparse network of ground stations across West Africa, 573 
than CHIRPS. The ARC products were found to be consistently inferior to CHIRPS, when 574 
compared to data from 18 rain gauges across northern Nigeria over a 30-year period, and the study 575 
did not address regional or local implications of observed trends. The CHIRPS data at 5 km 576 
resolution rely on a wider variety of satellite data inputs, as well as ground stations. The CHIRPS 577 
data were in agreement with gauge data, observing an increase in annual rainfall over the last 35 578 
years, whereas Sanogo et al (2015) observed a slight decrease over our study area. 579 
The study indicates that all satellite products slightly underestimate dekadal, monthly and annual 580 
rainfall. This is due to detection of a higher number of rainy days due to recording a higher number 581 
of low rainfall events than at ground stations. Consequently they also retrieve a higher number of 582 
rainy days and fewer and shorter drought spells during the growing season, than do ground stations, 583 
which may have serious implications for crop yield prediction and consequent perceptions of food 584 
security. However, since satellites tend to also underestimate high rainfall events, the over-and 585 
under-prediction cancel out when considered at dekadal, monthly and seasonal time scales, thus 586 
the overall prediction of rainfall amounts by satellite products is good. 587 
 588 
For trends in seasonal rainfall variables, both gauge and satellite data show increased growing 589 
season length over the last 35 years, which is due to increases in rainfall in the later part of the 590 
rainy season. This is expected to have favourable implications for local subsistence crops, 591 
especially sorghum which has lower drought tolerance at the ripening stage. Although satellite 592 
data do not show significant correlation with gauge data for number and length of dry spells, 593 
because the data are consistent among satellite products, this is not thought to affect the detection 594 
of trends. CHIRPS data indicate a decrease in the number and length of dry spells across northern 595 
Nigeria, and especially in northwest and north central Nigeria around the cities of Sokoto, Jos and 596 
Abuja, all in the densely populated Sudan zone and northern Guinea. This reduction in dry spells 597 
is potentially favorable for crop yields, and could have played a role in the increase in rural 598 
population densities over these 35 years of the study. The currently low nutritional status combined 599 
with a return to the drought conditions of earlier decades, could therefore bring severe hardship to 600 
rural households.  601 
 602 
Acknowledgements  603 
This work is done through a PhD fellowship grant from the Research Grants Council of Hong 604 
Kong, grant No. RTYU. Authors would also like to acknowledge Nigerian Meteorological Agency 605 
(NIMET), Institute of Agriculture Research (IAR), ICRISAT, Jasper Tomlinson and Prof. Mike 606 
Mortimore (Late), Hadiza Aminu Tukur from University of Abuja and Prof. M. D. Magaji from 607 
Agricultural Research Council of Nigeria (ARCN) for providing rain gauge data. Special thanks 608 
to Wael Ahmed from Department of LSGI, PolyU and Dr. Abdulhakim M. Abdi from Lund 609 
University, for providing R scripts for processing. We would also like to acknowledge valuable 610 
assistance from Prof. Muhammad Bilal from Nanjing University and our colleagues Dr Sawaid 611 
Abbas, Dr Majid Nazir and Syed M Irteza Naqvi. 612 
 613 
References 614 
Anyadike, R.N.C., 1993. Seasonal and annual rainfall variations over Nigeria. Int. J. Climatol. 13, 615 
567–580. http://dx.doi.org/ 10.1080/10.1002/joc.3370130507 616 
Ali, A., Lebel, T., 2009. The Sahelian standardized rainfall index revisited.  Int. J. Climatol. 29, 617 
1705–1714. http://dx.doi.org/10.1002/joc.1832 618 
Bayissa, Y., Tadesse, T., Demisse, G., Shiferaw, A., 2017. Evaluation of Satellite-Based Rainfall 619 
Estimates and Application to Monitor Meteorological Drought for the Upper Blue Nile Basin, 620 
Ethiopia. Remote Sens.  9, 1–17. http://dx.doi.org/10.3390/rs9070669 621 
Buba, L.F., 2010. Evidence of Climate Change in Northern Nigeria: Temperature and Rainfall 622 
Variations. Ph.D. Thesis, Bayero University, Kano, Nigeria. 623 
Dembélé, M., Zwart, S.J., 2016. Evaluation and comparison of satellite-based rainfall products in 624 
Burkina Faso, West Africa. Int. J. Remote Sens. 37, 3995–4014. http://dx.doi.org/ 625 
10.1080/01431161.2016.1207258 626 
Fensholt, R., Sandholt, I., Rasmussen, M.S., Stisen, S., Diouf, A., 2006. Evaluation of satellite 627 
based primary production modelling in the semi-arid Sahel. Remote Sens. Environ. 105, 173–188. 628 
http://dx.doi.org/10.1016/j.rse.2006.06.011 629 
Fink, A.H., Schrage, J.M., Kotthaus, S., 2010. On the Potential Causes of the Nonstationary 630 
Correlations between West African Precipitation and Atlantic Hurricane Activity. J. Clim. 23, 631 
5437–5456. http://dx.doi.org/10.1175/2010JCLI3356.1 632 
Funk, C., Peterson, P., Landsfeld, M., Pedreros, D., Verdin, J., Shukla, S., Husak, G., Rowland, J., 633 
Harrison, L., Hoell, A., Michaelsen, J., 2015. The climate hazards infrared precipitation with 634 
stations—a new environmental record for monitoring extremes. Sci. Data 2, 150066. 635 
http://dx.doi.org/10.1038/sdata.2015.66 636 
Hall, A., Bohen, C., 2009. A review of malnuutrtition in Nigeria and potential role of homestead 637 
agriculture to imporove the nutritional status and income of poor rural people.   638 
Hess, T.M., Stephens, W., Maryah, U.M., 1995. Rainfall trends in the North East Arid Zone of 639 
Nigeria 1961-1990. Agric. For. Meteorol. 74, 87–97. http://dx.doi.org/10.1016/0168-640 
1923(94)02179-N 641 
Huffman, G.J., Bolvin, D.T., Nelkin, E.J., Wolff, D.B., Adler, R.F., Gu, G., Hong, Y., Bowman, 642 
K.P., Stocker, E.F., 2007. The TRMM Multisatellite Precipitation Analysis (TMPA): Quasi-643 
Global, Multiyear, Combined-Sensor Precipitation Estimates at Fine Scales. J. Hydrometeorol. 8, 644 
38–55. http://dx.doi.org/10.1175/JHM560.1 645 
Hulme, M., 1992. Rainfall changes in Africa: 1931–1960 to 1961–1990. Int. J. Climatol. 12, 685–646 
699. http://dx.doi.org/10.1002/joc.3370120703 647 
Ingram, K.T., Roncoli, M.C., Kirshen, P.H., 2002. Opportunities and constraints for farmers of 648 
west Africa to use seasonal precipitation forecasts with Burkina Faso as a case study. Agric. Syst. 649 
74, 331–349. http://dx.doi.org/10.1016/S0308-521X(02)00044-6 650 
Maidment, R.I., Grimes, D.I.F., Allan, R.P., Greatrex, H., Rojas, O., Leo, O., 2013. Evaluation of 651 
satellite-based and model re-analysis rainfall estimates for Uganda. Meteorol. Appl. 20, 308–317. 652 
http://dx.doi.org/10.1002/met.1283 653 
Maidment, R.I., Grimes, D., Allan, R.P., Tarnavsky, E., Stringer, M., Hewison, T., Roebeling, R., 654 
Black, 2014. The 30 year TAMSAT African Rainfall Climatology And Time series (TARCAT) 655 
data set. J. Geophys. Res. Atmos. 119, 10619–10644. http://dx.doi.org/10.1002/2014JD021927 656 
Mortimore, M., Wilson, J., 1965. Land and people in the Kano close-settled zone; a survey of some 657 
aspects of rural economy in the Ungogo District, Kano Province: A report to the Greater Kano 658 
Planning Authority. 659 
Mortimore, M., 2000. Profile of rainfall change and variability in the Kano-Maradi region, 1960–660 
2000, Drylands Research Working Paper 25, Drylands Research, Crewkerne, Somerset. 661 
National Population Commission, 2006. Federal Republic of Nigeria 2006 Population and 662 
Housing Census, Priority Tables Vol. VII, Abuja, Nigeria. 663 
Nicholson, S.E., 2000. The nature of rainfall variability over Africa on time scales of decades to 664 
millenia. Glob. Planet. Change 26, 137–158. http://dx.doi.org/10.1016/S0921-8181(00)00040-0 665 
Novella, N.S., Thiaw, W.M., 2013. African rainfall climatology version 2 for famine early warning 666 
systems. J. Appl. Meteorol. Climatol. 52, 588–606. http://dx.doi.org/10.1175/JAMC-D-11-0238.1 667 
Olaniran, O.J., 1991. Evidence of climatic change in Nigeria based on annual series of rainfall of 668 
different daily amounts, 1919-1985. Clim. Change 19, 319–340. 669 
http://dx.doi.org/10.1007/BF00140169 670 
Olaniran, O.J., 1988. The distribution in space of rain-days of rainfall of different amounts in the 671 
tropics: Nigeria as a case study. Geoforum 19, 507–520. http://dx.doi.org/10.1016/S0016-672 
7185(88)80021-6 673 
Salmi, T., Maatta, A., Anttila, P., Ruoho-Airola, T., Amnell, T., 2002. Detecting Trends of Annual 674 
Values of Atmospheric Pollutants by the Mann-Kendall Test and Sen’s Solpe Estimates the Excel 675 
Template Application MAKESENS, Finnish Meteorological Institute, Air Quality Research. 676 
Sanogo, S., Fink, A.H., Omotosho, J.A., Ba, A., Redl, R., Ermert, V., 2015. Spatio-temporal 677 
characteristics of the recent rainfall recovery in West Africa. Int. J. Climatol. 35, 4589–4605. 678 
http://dx.doi.org/10.1002/joc.4309 679 
Seetharama, N., Mahalakshmi,V., Bidinger, F.R., Singh, S., 1984.  Response of sorghum and 680 
millet to drought stress in semi-arid India. ICRISAT (International Crops Research Institute for 681 
the Semi-Arid Tropics). 1984 Agrometeorology of Sorghum and Millet in the Semi-Arid Tropics: 682 
Proceedings of the International Symposium, 15-20 Nov 1982, ICRISAT Center, India. 683 
Patancheru, A.P. 502324, India: ICRISAT. 684 
Sen, P.K., 1968. Estimates of the regression coefficient based on Kendall’s tau. J. Am. Stat. Assoc. 685 
63, 1379-1389. 686 
Tarhule, A., Woo, M., 1998. Changes in rainfall characteristics in northern Nigeria. Int. J. 687 
Climatol. 18, 1261–1271. http://dx.doi.org/10.1002/(SICI)1097-0088(199809)18:11<1261::AID-688 
JOC302>3.3.CO;2-Q 689 
Tarnavsky, E., Grimes, D., Maidment, R., Black, E., Allan, R.P., Stringer, M., Chadwick, R., 690 
Kayitakire, F., 2014. Extension of the TAMSAT satellite-based rainfall monitoring over Africa 691 
and from 1983 to present. J. Appl. Meteorol. Climatol. 53, 2805–2822. 692 
http://dx.doi.org/10.1175/JAMC-D-14-0016.1 693 
Thiemig, V., Rojas, R., Zambrano-Bigiarini, M., Levizzani, V., De Roo, A., Thiemig, V., Rojas, 694 
R., Zambrano-Bigiarini, M., Levizzani, V., Roo, A. De, 2012. Validation of Satellite-Based 695 
Precipitation Products over Sparsely Gauged African River Basins. J. Hydrometeorol. 13, 1760–696 
1783. http://dx.doi.org/10.1175/JHM-D-12-032.1 697 
Tiffen, M., 2001. Profile of demographic change in the Kano-Maradi region, 1960–2000, Drylands 698 
Research Working Paper 24. 699 
Tomlinson, J., 2010. Observed trends in rainfall: northern Nigeria, Miscellaneous Report to the 700 
British Hydrological Society, 2010, 12pp. 701 
Toté, C., Patricio, D., Boogaard, H., van der Wijngaart, R., Tarnavsky, E., Funk, C., 2015. 702 
Evaluation of satellite rainfall estimates for drought and flood monitoring in Mozambique. Remote 703 
Sens. 7, 1758–1776. http://dx.doi.org/10.3390/rs70201758 704 
West, C.T., Roncoli, C., Ouattara, F., 2008. Local perceptions and regional climate trends of the 705 
Central Plateau of Burkina Faso. L. Degrad. Dev. 20, 587–588. http://dx.doi.org/10.1002/ldr.842 706 
Westra, S., Alexander, L. V., Zwiers, F.W., 2013. Global increasing trends in annual maximum 707 
daily precipitation. J. Clim. 26, 3904–3918. http://dx.doi.org/10.1175/JCLI-D-12-00502.1 708 
Zhang, W., Brandt, M., Guichard, F., Tian, Q., Fensholt, R., 2017. Using long-term daily satellite 709 
based rainfall data (1983–2015) to analyze spatio-temporal changes in the Sahelian rainfall regime. 710 
J. Hydrol. 550, 427–440. http://dx.doi.org/10.1016/j.jhydrol.2017.05.033 711 
